h Manure from swine treated with antimicrobials as feed additives is a major source for the expansion of the antibiotic resistance gene (ARG) reservoir in the environment. Vermicomposting via housefly larvae (Musca domestica) can be efficiently used to treat manure and regenerate biofertilizer, but few studies have investigated its effect on ARG attenuation. Here, we tracked the abundances of 9 ARGs and the composition and structure of the bacterial communities in manure samples across 6 days of fullscale manure vermicomposting. On day 6, the abundances of genes encoding tetracycline resistance [tet(M), tet(O), tet(Q), and tet(W)] were reduced (P < 0.05), while those of genes encoding sulfonamide resistance (sul1 and sul2) were increased (P < 0.05) when normalized to 16S rRNA. The abundances of tetracycline resistance genes were correlated (P < 0.05) with the changing concentrations of tetracyclines in the manure. The overall diversity and richness of the bacteria significantly decreased during vermicomposting, accompanied by a 100 times increase in the relative abundance of Flavobacteriaceae spp. Variations in the abundances of ARGs were correlated with the changing microbial community structure and the relative abundances of the family Ruminococcaceae, class Bacilli, or phylum Proteobacteria. Vermicomposting, as a waste management practice, can reduce the overall abundance of ARGs. More research is warranted to assess the use of this waste management practice as a measure to attenuate the dissemination of antimicrobial residues and ARGs from livestock production before vermicompost can be safely used as biofertilizer in agroecosystems.
g ; China Academy of West Region Development, Zhejiang University, Hangzhou, China h Manure from swine treated with antimicrobials as feed additives is a major source for the expansion of the antibiotic resistance gene (ARG) reservoir in the environment. Vermicomposting via housefly larvae (Musca domestica) can be efficiently used to treat manure and regenerate biofertilizer, but few studies have investigated its effect on ARG attenuation. Here, we tracked the abundances of 9 ARGs and the composition and structure of the bacterial communities in manure samples across 6 days of fullscale manure vermicomposting. On day 6, the abundances of genes encoding tetracycline resistance [tet(M), tet(O), tet(Q), and tet(W)] were reduced (P < 0.05), while those of genes encoding sulfonamide resistance (sul1 and sul2) were increased (P < 0.05) when normalized to 16S rRNA. The abundances of tetracycline resistance genes were correlated (P < 0.05) with the changing concentrations of tetracyclines in the manure. The overall diversity and richness of the bacteria significantly decreased during vermicomposting, accompanied by a 100 times increase in the relative abundance of Flavobacteriaceae spp. Variations in the abundances of ARGs were correlated with the changing microbial community structure and the relative abundances of the family Ruminococcaceae, class Bacilli, or phylum Proteobacteria. Vermicomposting, as a waste management practice, can reduce the overall abundance of ARGs. More research is warranted to assess the use of this waste management practice as a measure to attenuate the dissemination of antimicrobial residues and ARGs from livestock production before vermicompost can be safely used as biofertilizer in agroecosystems.
A ntimicrobials have been widely used at therapeutic levels for microbial infection control and at subtherapeutic levels for growth promotion as veterinary feed additives, administered in water or parenterally in animal husbandry (1) . Antimicrobials can select for antibiotic resistance genes (ARGs) in host-associated bacteria from concentrated animal feeding operations and in the environment where antimicrobial-containing feces are excreted or applied to fields (2) . Through horizontal gene transfer mechanisms triggered by mobile genetic elements, such as conjugative plasmids, integrons, and transposons (3, 4) , different microbes can share their genetic information, potentially causing the transfer and dissemination of ARGs from feces-associated bacteria to indigenous environmental microbes. For instance, an intI1 gene encoding a site-specific integrase responsible for integration is closely related to the transfer of sulfonamide resistance genes among bacteria (5) . Specifically, swine manure increases the resistant gene reservoir in the environment, as most applied veterinary antimicrobials are poorly absorbed by livestock (6) . These antimicrobials are largely excreted in feces and then dispersed to soil when the manure is used as fertilizer. Unmanaged waste disposal is commonly regarded as one of the major sources for the environmental expansion of ARGs (3); therefore, it is extremely important that waste treatment and disposal technologies to reduce antimicrobials and the associated ARGs are developed prior to the applications of manure as a fertilizer to farmlands.
Vermicomposting is a biological process that involves the oxidation and stabilization of organic wastes through combined larvae and bacterial activities (7, 8) . In China, vermicomposting with housefly larvae (Musca domestica) has reached full-scale operations in developed regions (7, 8) , primarily to cope with the volume of swine manure generated by the swine industries. Compared with the traditional composting practice without larvae, vermicomposting is much more beneficial. Within 5 to 7 days, a typical cycle of larva vermicomposting can reduce the mass and moisture content of manure by 70 to 80%, reduce odor and the abundance of fecal coliform bacteria, and provide a dehydrated compost fertilizer (a reduction rate of 106 Ϯ 17 kg m Ϫ3 day Ϫ1 ) ready for land applications (9) ; this process can also produce a fresh larva yield of 95 to 120 kg m Ϫ3 fresh raw manure (7) . Recent studies have focused on composting techniques to retain the nutritional values of manure for soil fertilization but have not deter-mined whether such techniques can reduce antimicrobials or associated resistance genes.
Previously, we demonstrated that the total mass of 8 antimicrobials was significantly attenuated by vermicomposting, and the profiling of the microbial community structure showed an increase in the relative abundance of the Proteobacteria phylum (10). In the current study, we furthered this investigation by quantifying the concentration dynamics of 17 antimicrobials (4 tetracyclines [ACs], 8 sulfonamides [SAs], 4 quinolones [QLs], and 1 macrolide) according to the antimicrobials administered in a finishing swine farm (see Materials and Methods). Although the clinical use of these antimicrobials in human medicines has been limited in recent years in China, these antibacterial agents are still widely used to add to feed or treat bacterial infections in livestock industries because of their low price (especially tetracyclines) (4, (11) (12) (13) . We also determined the relative abundances of 9 ARGs conferring resistance to these antimicrobials over the course of 6 days of vermicomposting. These ARGs included four tet genes involved in ribosomal protection [tet(M), tet(O), tet(Q), and tet(W)], two sul genes (sul1 and sul2), and three qnr genes (qnrA, qnrB, and qnrS). These genes were selected based on preliminary investigations showing their appearance in fresh manure in Chinese concentrated feeding operations (2, 4, 12, 14) . Particularly, within 40 classes of tet genes studied in the environment, the tet genes involved in ribosomal protection proteins have shown greater relative abundance than the tet genes involved in efflux pumps in swine feedlots (15, 16) ; therefore, these tet genes were selectively investigated in manure samples under vermicomposting practice. In addition, we investigated the changing microbial community structure and ecological succession. The objectives of this study were to determine (i) whether larval vermicomposting attenuates antimicrobials and ARGs in swine manure, (ii) how bacterial community structures in manure are changed after vermicomposting, and (iii) what are the underlying mechanisms of ARG dynamics from the aspects of the changing physicochemical environment, antimicrobials, and bacterial communities.
MATERIALS AND METHODS
Study sites and housefly larva vermicomposting approach. A full-scale swine manure vermicomposting system with housefly larvae (Musca domestica) was established by the Hangzhou TianYuan Agriculture Development Company in 2008, located in Xiaoshan District, Hangzhou, Zhejiang Province, China (30°49=47.02ЉN, 120°39=22.12ЉE). The company receives unprocessed fresh manure daily from a neighboring finishing swine farm (155,000 finishing hogs), with approximately 35,000 tons of fresh manure (moisture content of 80 to 85% in total weight) processed annually. Tetracyclines were used for in-feed antimicrobials, while sulfonamides and quinolones were used for therapy in this finishing swine farm. Beta-lactams were also used occasionally. The housefly larva vermicomposting processes consisted of several stages in series: (i) seed pupation and eclosion, (ii) housefly oviposition, (iii) larval inoculation in unprocessed manure and vermicomposting, (iv) separation of larval residues, and (v) seed sifting and breeding (9) . The unprocessed manure, with a surface density of 11.0 kg m Ϫ2 , was evenly spread on the surface of cement block pools (7.2 ϫ 2.5 ϫ 0.2 m) in greenhouse-assisted larva vermireactors prior to larva inoculation (10) . The thickness of the unprocessed manure was approximately 5 cm, and juvenile larvae (12 h old) were applied to the surface of the manure with an average population density of 580,000 m Ϫ2 . Twelve hours after the larval inoculation, unprocessed fresh manure was added daily at a rate of 5.56 (day 1), 15.6 (day 2), 15.6 (day 3), and 5.56 (day 4) kg m Ϫ2 . These additions increased the vermicomposting layer from 5 cm to 8 to 10 cm in depth. This semicontinuous feeding mode was shown to be an efficient technique for larval bioconversion (7, 9) . The life cycle of vermicomposting with inoculated larvae is 5 (summer) to 10 (winter) days, depending on the ambient temperature. After vermicomposting, more than half of the total weight of the added manure was reduced, and the associated total antimicrobial mass was also significantly attenuated (10) . The mass reduction was primarily due to moisture removal and organic biodegradation by larval metabolism and growth. Detailed information about these larva vermireactors, housefly oviposition, and larva residue separation processes has been reported previously (7, 9, 10) . Field sampling and physicochemical measurements. A summer strategy typical of a 6-day treatment cycle was chosen in this study, given that the summer strategy was used during the majority of time (more than 9 months) for manure processing. The manure residues on the 1st, 3rd, 5th, and 6th days of vermicomposting (treatments designated T-1, T-3, T-5, and T-6, respectively) were sampled in May 2013. In order to compare the samples for the larva-treated vermicomposting and those without larva treatment, the unprocessed raw manure (C-0) was stored in plastic buckets at ambient temperatures (21 to 28°C) mimicking traditional unmanaged composting without larvae, and samples were collected from plastic buckets on the 3rd and 6th days of traditional composting (C-3 and C-6, respectively). Unprocessed fresh manure was also added into the plastic buckets daily at the same rate as that for the samples under vermicomposting. Therefore, traditional composting was identical to vermicomposting with the sole exception that these samples did not contain larva additions. Three samples (C-0, C-3, and C-6) served as controls for the comparison of ARG abundance dynamics against those for the vermicomposting treatment. T-6 represented the final vermicompost. Three replicates of each sample from both the control and treatment collection points were randomly sampled from three different cement block pools. Details of the sampling protocols have been reported previously (10) . The pH and temperature of the interior of the manure stockpiles during vermicomposting and/or control composting were recorded on site. Samples were then placed in a portable freezer container within 2 h of collection for transportation and subsequently stored at Ϫ20°C, pending physicochemical examination. The moisture contents in samples collected from the unprocessed manure and vermicompost were determined after drying at 105°C for 24 h, while the organic matter contents were determined by calculating the difference between the samples before and after heating at 550°C for 4 h. Total nitrogen was analyzed using the Kjeldahl method (17) . Another portion of the samples was freeze-dried using the Lab-1-80 freeze dryer (Biocool Co. Limited, Beijing, China) at Ϫ80°C and vacuum at 20 Pa. The freeze-dried samples were sieved through a 0.15-mm mesh before microbial analysis.
Antimicrobial concentration analyses. The methods established by Huang et al. (18) were used to simultaneously extract four classes of antimicrobials in our samples (C-0, T-1, T-3, T-5, T-6, C-3, and C-6), including 4 tetracyclines, 8 sulfonamides, 4 quinolones, and 1 macrolide. The extracted aliquot (10 l) was injected into a Kromasil C 18 column (Akzo Nobel, Bohuslän, Sweden) loaded with a mobile phase for the chromatographic separation of the antimicrobials followed by the analysis under the positive electrospray ionization mode. The gradient elution and two optimized operating parameters (i.e., the declustering potential and collision energy for each antimicrobial analyzed) were used to achieve the needed resolution and method sensitivity. The internal standard calibration method was used to quantify the analytes (18) , and the method detection limit was determined to be 0.5 to 14.1 g kg Ϫ1 for manure samples. The detailed protocols for the antimicrobial analyses can be found in our previous study (10) .
Real-time quantitative PCR for the ARGs, intI1 gene, and 16S rRNA. Total DNA was extracted from 0.1 g of the freeze-dried samples (C-0, T-1, T-3, T-5, T-6, C-3, and C-6) using a PowerSoil DNA isolation kit (Mo Bio Laboratories, Carlsbad, CA, USA), following the manufacturer's protocol. The quality and the concentrations of the extracted DNA were checked and determined using 2.5% agarose gel electrophoresis and a spectrophotometer (NanoDrop ND-2000c; Thermo, Waltham, MA, USA). The extracted DNA was also purified using the inhibitor removal technology from the PowerSoil DNA isolation kit.
Real-time quantitative PCR (qPCR) was used to quantify nine ARGs, one intI1 gene, and total 16S rRNA. Each 20-l qPCR aliquot contained 10 l of Bestar real-time PCR master mix SYBR green (DBI, Germany), 0.5 l of each 10 M forward and reverse primer, 8.0 l of sterile, DNAfree water, and 1.0 l of DNA sample as the template. The reaction was run using a StepOnePlus real-time PCR system (Applied Biosystems, Foster City, CA, USA). The running protocols consisted of 95°C for 2 min followed by 40 cycles of 95°C for 10 s; the annealing temperatures were 55°C for 34 s and 72°C for 30 s. The fluorescence acquisition temperature was set at 72°C. The real-time qPCR specificity was confirmed using a melting curve analysis with temperature ramping from 60 to 95°C (0.5°C per read, 30-s hold) and agarose gel electrophoresis. The primers used for the amplification of the tet genes (19) , sul genes (20), qnr genes (14), intI1 gene (21), and 16S rRNA (22) with the annealing temperature for each individual gene have been previously reported.
Total DNA extracted from the raw manure was analyzed for the presence of ARGs, the intI1 gene, and 16S rRNA using conventional PCR and agarose gel electrophoresis. After the PCR amplification, the gel slices from an agarose gel containing the target genes were excised and purified using the AxyPrep DNA gel extraction kit (Axygen; Corning Inc., Corning, NY, USA). The purified PCR products were ligated into a pMD 19-T simple vector (TaKaRa, Dalian, China) and then cloned into Escherichia coli DH5␣ (TaKaRa, Dalian, China). Positive clones with target gene inserts were confirmed by conventional PCR and BLAST alignment (http: //www.ncbi.nlm.nih.gov/blast/) after sequencing. The plasmids carrying the target genes were extracted from these clones using an AxyPrep plasmid miniprep kit (Axygen) and quantitatively analyzed by a spectrophotometer (NanoDrop ND-2000c) and then used as the standards for realtime qPCR. Each standard curve was made using six points (three replicates for each point) from 10-fold serial dilutions of a known copy number of the plasmid, the concentration of which ranged from 10 0 to 10 Ϫ5 ng of DNA per reaction for 16S rRNA and the intI1 gene, from 10
Ϫ1
to 10 Ϫ6 for the tet and sul genes, and from 10 Ϫ2 to 10 Ϫ7 for the qnr genes. The qPCR amplification efficiency and R 2 values of standard curves for these target genes were 86.3 to 113% and Ͼ0.985, respectively. From the threshold cycle (C T ) values linked to the standard curves, the target gene copies of the ARGs and intI1 gene were first calculated in absolute values (normalized to a dry weight basis). In order to eliminate the variance due to the differences in the background bacterial abundances as a result of varied DNA yields among different samples, we further presented our results in relative values: relative number of ARG gene copies ϭ absolute number of ARG gene copies/absolute number of gene copies of 16S rRNA.
If the relative gene copies of ARGs were reduced after vermicomposting, it indicated ARG attenuation in a given sample. We chose 16S rRNA to normalize the ARGs and intI1 gene because the absolute gene copies of 16S rRNA have been commonly used in environmental samples as a proxy for cell number or bacterial biomass. Therefore, if the relative gene copy of one ARG is 0.50 in a fresh manure sample when normalized to the 16S rRNA copy number, this single gene would be found in nearly one in every second bacterium, assuming a single copy of each gene in a single genome.
All qPCRs were run in triplicate for each DNA sample. The detection limits for target genes were calculated from the following assumptions: (i) Ն10 2 copies per reaction, (ii) 0.1 g dry weight for DNA extraction, and (iii) 1.5 ϫ 10 12 copies of 16S rRNA per g dry weight (the average concentration for all samples). According to these assumptions, the detection limits for the ARGs and intI1 gene were estimated to be 8.0 ϫ 10 4 copies per g dry weight or 5.0 ϫ 10 Ϫ8 copies normalized to the 16S rRNA copy number.
16S rRNA amplicon pyrosequencing and data processing. Based on the results of the ARG variations and preliminary physicochemical properties among the samples studied, the extracted DNA samples including C-0, T-3, and T-6 with three replicates of each were further analyzed by sequencing 16S rRNA to reveal their microbial community profiling under a 6-day vermicomposting practice. A total of 9 PCR amplicon libraries were constructed (triplicates of each sample) with purified DNA as the template for the nine samples. The V3 to V6 regions of the bacterial 16S rRNA were amplified using the primer set 341F/1073R (CCTACGGGAG GCAGCAG/ACGAGCTGACGACARCCATG). The PCR products were run on a Roche FLX 454 sequencer (Roche Diagnostics Corporation, Branford, CT, USA). Details regarding the pyrosequencing analysis of the amplicon have been previously reported (10) .
Quality filtering, demultiplexing, and chimera identification of the raw sequence data from the nine amplicon libraries were performed using the mothur 454 standard operating procedure (23) . In brief, sequences with an average quality score of Ͻ35 over a 50-bp sliding window that had one or more ambiguous nucleotides, contained homopolymer over 8 bases, or had at least one mismatch to the barcode and two mismatches to the primer were removed. Chimeras were identified using the UCHIME algorithm (24) . The preprocessed sequences were aligned to the SILVAcompatible alignment database. After filtering and screening, the highquality sequences were binned into operational taxonomic units (OTUs) using a 97% identity threshold with the most abundant sequence selected as a representative sequence for that OTU. Taxonomic assignments of sequences to the genus level were made using data from the Ribosomal Database Project (RDP) (25) . The OTU-based bacterial richness (observed numbers of OTUs and Chao1), diversity (invsimpson index), and sampling coverage (Good's coverage) were calculated by randomly selecting different sequence sizes from 1 to 5,000 with a bootstep of 200. The relative abundances (percentages) of bacterial memberships within each sample at the family level were compared among samples. Reads in each OTU were normalized by calculating the percentage of reads in each OTU for each sample multiplied by the means of the total reads in all samples studied to correct for differences in sequencing depths.
Statistical analyses. One-way repeated-measures analysis of variance (ANOVA), followed by Student-Newman-Keuls (S-N-K) tests for pairwise comparison, was used to determine dynamic changes in the relative abundances of ARGs and antimicrobial concentrations in manure across the 6-day vermicomposting practices using the software package SPSS 16.0. Samples within the same day of two contrasting composting practices (i.e., C-3 versus T-3 and C-6 versus T-6) were also compared using Student's t test. Based on the initial results from the detrended correspondence analysis (DCA), a linear model distance-based redundancy analysis (RDA) was performed with the software CANOCO 4.5, using a BrayCurtis distance measure with Monte Carlo permutation tests (4,999 permutations) to find the main physicochemical factors (organic matter, nitrogen, pH, temperature, and moisture) that determined the variations in ARGs among the samples. Before the DCA or RDA, all environmental variables were centered and standardized. The linear correlations between (i) the relative abundances of ARGs and detected antimicrobial concentrations and (ii) the relative abundances of ARGs and derived OTUs were analyzed by calculating all possible Spearman's rank correlation coefficients at a statistically significant level (P Ͻ 0.05) to show their relationship to the detected antimicrobials or microbial taxonomic structures or both.
Nucleotide sequence accession number. The raw sequences have been deposited into the DDBJ Sequence Read Archive (DRA) database under accession number DRA001286.
RESULTS
Antibiotics in raw manure and after vermicomposting. Of the 17 antimicrobials examined, 9 of them, which included sulfadiazine, tetracyclines (tetracycline, oxytetracycline, chlortetracycline, and doxycycline), and quinolones (norfloxacin, ofloxacin, ciprofloxacin, and enrofloxacin), were above the detection limit in unprocessed raw manure samples. Of the tetracyclines, oxytetracycline and chlortetracycline dominated, with average concentrations of 3,511 and 1,207 g kg Ϫ1 , respectively, which were an order of magnitude greater than those of doxycycline (121 g kg Ϫ1 ) and tetracycline (105 g kg Ϫ1 ) (Fig. 1) . The quinolones were dominated by ciprofloxacin and enrofloxacin (5,819 and 2,196 g kg Ϫ1 , respectively), which were an order of magnitude greater than norfloxacin (258 g kg Ϫ1 ) and ofloxacin (232 g kg Ϫ1 ). The ciprofloxacin concentration showed the highest concentration of all antimicrobials studied.
Under vermicomposting, the concentrations of chlortetracycline, sulfadiazine, norfloxacin, and ciprofloxacin were reduced significantly after 1 day (P Ͻ 0.05) by 70.2%, 51.1%, 49.3%, and 48.4%, respectively, compared to those on C-0 (Fig. 1) . However, the concentrations of chlortetracycline, norfloxacin, and ciprofloxacin rebounded on day 2, most likely due to the daily reintroduction of unprocessed manure under the semicontinuous feeding mode. After 6 days of vermicomposting, the concentrations of 5 of the 9 antimicrobials, including tetracycline, oxytetracycline, chlortetracycline, sulfonamide, and ciprofloxacin, were reduced (P Ͻ 0.05), while the concentrations of doxycycline, norfloxacin, ofloxacin, and enrofloxacin remained unchanged (Fig. 1) , comparing C-0 with T-6. There were no significant changes across all antimicrobials studied among the control samples (C-0, C-3, and C-6, control lines). In a comparison of C-6 with T-6 (the two contrasting composting practices) within the same day, the concentrations of many of the antimicrobials were also reduced (P Ͻ 0.05).
Antibiotic resistance genes in raw manure and after vermicomposting. Of the 9 ARGs, the sul genes dominated in the unprocessed raw manure samples (Fig. 2) , with average sul1 and sul2 gene copy abundances of 2.06 ϫ 10 Ϫ2 and 2.07 ϫ 10 Ϫ2 (normal- ized to 16S rRNA), respectively. Of the tet genes, tet(M) was the most abundant at 1.02 ϫ 10 Ϫ2 gene copies, which was an order of magnitude greater than the abundances of the other tet genes. The qnr genes were the least abundant, ranging from 1.39 ϫ 10
Ϫ5
(qnrS) to 1.09 ϫ 10 Ϫ7 (qnrB) gene copies, with the latter being only slightly higher than the detection limit. When gene copies were normalized to the dry weight of samples (see Fig. S1 in the supplemental material), the patterns were similar.
Over the course of vermicomposting, the gene copies of all tet genes [except for tet(Q)] decreased after 1 day and then continued to decrease (P Ͻ 0.01) by nearly an order of magnitude by day 6 (Fig. 2) . Compared to the initial levels (C-0), the final concentrations in T-6 were 54.2%, 93.5%, 38.5%, and 79.7% lower for tet(M), tet(O), tet(Q), and tet(W), respectively. When T-6 and C-6 (the two contrasting composting practices) were compared within the same day, the differences in these tet genes were also significant. When data were normalized to the dry basis of the manure samples, the gene copies of tet(O) and tet(W) had significantly decreased, while those of tet(M) and tet(Q) remained unchanged, comparing T-6 to C-0 or C-6 (see Fig. S1 in the supplemental material). The gene copies of sul1 (normalized to 16S rRNA) increased after 1 day and then remained constant, while sul2 peaked in abundance on day 5 and remained significantly (P Ͻ 0.05) higher until day 6, compared to all control samples (C-0, C-3, and C-6) (Fig. 2) . Both qnrA and qnrS significantly (P Ͻ 0.05) increased in abundance on day 1 and then rapidly returned to the pretreatment levels (C-0) over the course of vermicomposting (normalized to 16S rRNA in Fig. 2 and to dry weight in Fig. S1 in the supplemental material). There were also no significant differences between C-6 and T-6 for qnrA and qnrS. The gene copy abundance of qnrB was higher in T-3 than in C-3; however, the final value was below the level of detection after 6 days of vermicomposting (T-6) compared with that in C-0 or C-6 ( 
tetracycline-related ARGs include tet(M), tet(O), tet(Q), and tet(W)
, the sulfonamide-related resistance genes include sul1 and sul2, and the quinolone-related ARGs include qnrA, qnrB, and qnrS. Refer to the legend to Fig. 1 for sample designations. sponding to 35.4% of the total) belonged to Bacteroidetes. The second largest group was Firmicutes (20,906 sequences, 34.0%), which was followed by Proteobacteria (13,847 sequences, 22.5%). After clustering, these sequences produced 2,456 OTUs in total.
Further analysis of these data demonstrated a significant (P Ͻ 0.001) reduction in species richness and alpha diversity (number of OTUs, Chao1, and Invsimpson) when C-0 was compared with T-3 and T-6. The Good's coverage value in C-0 was 0.87 on average, which was significantly (P Ͻ 0.001) lower than those in T-3 (0.95) and T-6 (0.96). All samples had Good's coverage values that were Ͼ0.85, which is indicative of high coverage. When annotated to the family level, the relative abundances of the taxonomic families, which included Ruminococcaceae, Lachnospiraceae, Prevotellaceae, Spirochaetaceae, and Comamonadaceae, decreased (P Ͻ 0.05) after vermicomposting, while Bacillaceae, Planococcaceae, Xanthomonadaceae, and Alcaligenaceae increased (Fig. 3) . Ruminococcaceae was the most dominant taxon in fresh manure and was decreased by 94.1% during vermicomposting. Of the top 100 most abundant OTUs (Table 1) , those belonging to Xanthomonadaceae, Alcaligenaceae, and Pseudomonadaceae all increased significantly in relative abundance. Bacillaceae also increased in relative abundance, while the OTUs from the families Lachnospiraceae, Carnobacteriaceae, and Streptococcaceae significantly decreased in relative abundance. A single Flavobacteriaceae OTU showed a 100-fold increase in relative abundance, which was closely related to the genus Riemerella, a typical pathogen in the family Flavobacteriaceae. Despite the fact that such an increase may affect the evenness of a bacterial community, the overall diversity as reflected by the Invsimpson index was still significantly higher in the raw manure than in samples after larva treatment.
Correlating ARG abundance with environmental factors, antimicrobial concentrations, microbial community structure, and the intI1 gene. ARG abundances were clearly separated between the control samples (C-0, C-3, and C-6), early-treated sam- ples (T-1 and T-3), and later-treated samples (T-5 and T-6) (Fig.  4) . Vermicomposting significantly reduced the organic matter, total nitrogen, and water content compared to those in the control samples. The pH increased significantly from 6.68 (C-0) to 8.46 (T-6), while the temperature showed marked changes with a peak at ϳ47°C on day 5 (T-5) (see Table S1 in the supplemental material). There were no significant changes in the physicochemical properties among the control samples over the period of 6 days of storage. The RDA analysis shows that the ARG dynamics through vermicomposting were positively correlated (P Ͻ 0.05) with the changes in the water content and organic matter in the manure samples, indicating that the overall ARG abundance was high when the water content and organic matter were also high. Negative correlations were found between ARG dynamics and changes in temperature and pH (P Ͻ 0.01) (Fig. 4) .
Among 981 pairwise correlations, 17 and 169 were significant (P Ͻ 0.05) for ARGs versus antimicrobials and for ARGs versus OTUs, respectively (Fig. 5) . The tet genes were strongly correlated with the tetracycline concentrations and OTUs, while the qnr genes were only weakly correlated with the quinolone concentra- a The relative abundance in each OTU indicated by the number of detected sequences between unprocessed manure (C-0) and the residues after the 6-day vermicomposting treatment (T-6) is compared (n ϭ 3). The data are expressed as means Ϯ SD. The significantly decreased abundance in each OTU is in bold.
tions (Fig. 5A ). Certain specific OTUs significantly affected changes in the ARG abundance (Fig. 5B) . Several Ruminococcaceae OTUs, which were associated with Clostridiales, maintained significantly positive correlations (P Ͻ 0.05) with the abundance of the tet genes. Approximately 95% of OTUs were negatively correlated (P Ͻ 0.05) with the sul genes (Fig. 5B) , except for two OTUs from the Proteobacteria phylum and one OTU from the Bacilli, which showed strong positive (P Ͻ 0.01; Spearman's r of Ͼ0.7) correlations with the sul gene abundance. The intI1 gene increased (P Ͻ 0.05) after 3 days of vermicomposting and then remained constantly higher in T-6 (day 6) than in C-0 (Fig. 6 ). In comparison with the samples under traditional composting (C-6), the intI1 gene in T-6 increased by 2.68-fold. The relative abundance of sul1 was remarkably related to that of the intI1 gene, as reported by Spearman correlations.
DISCUSSION
We have previously shown that housefly larva vermicomposting significantly attenuates the total mass of antimicrobials and increases the relative abundance of Proteobacteria (10) . Here, we
FIG 4
Distance-based redundancy analysis (RDA) comparing antibiotic resistance genes (ARGs) (symbols) and environmental variables (arrows) using the Bray-Curtis distance measure. The percentage of variation explained by each axis is shown, and the relationship is significant (P ϭ 0.004).
FIG 5 Network analyses as inferred by pairwise Spearman correlations between antibiotic resistance genes and antimicrobials (A) and antibiotic resistance genes
and normalized OTU abundances (B). The normalized reads in each OTU are calculated by the percentage of reads in each OTU for each sample multiplied by the means of the total reads in all samples studied. In order to filter the data for reduced network complexity, the connections (red lines for positive and green lines for negative) shown here stand only for strong (Spearman's r of Ͼ0.7) and remarkably significant (P Ͻ 0.01) correlations. The most abundant and significantly changed top 100 OTUs were used for network analysis (see Table 1 for details), and the top 10 with the most correlations with antibiotic resistance genes are highlighted and labeled with their taxonomic assignments. The background values of the ARG abundances and antimicrobial concentrations detected in fresh manure are illustrated by the lengths of the bars. SumA, the total abundance of four tetracyclines. furthered this research by coexamining the abundance of ARGs and the concentration of antimicrobials and expanded our analysis of the microbial community composition. We found positive correlations between the concentration of tetracyclines and the abundance of tetracycline resistance genes, which also showed significant correlations with the relative abundance of the Clostridiales taxa (especially with the family Ruminococcaceae). Genes coding for resistance to sulfonamides increased in abundance in the vermicompost after vermicomposting, despite a lack of increase in the concentration of sulfonamides; this was correlated with increased relative abundances of two proteobacterial taxa and one Bacilli taxon.
Schematic of various ARGs responding to vermicomposting. Previous reports have shown that the tet gene abundance is positively correlated with the tetracycline concentration (12), suggesting that tetracycline residues in swine manure may exert direct selection pressure on tetracycline resistance in microorganisms. The values for the tet gene abundances obtained in this study were similar to those reported in other livestock samples. The tet gene [tet(M), tet(O), tet(Q), and tet(W)] copies normalized to 16S rRNA ranged from 10 Ϫ2 to 10 Ϫ3 in raw manure with the highest values found for the tet(M) gene, which is comparable to values for swine feedlots (10 Ϫ2 to 10 Ϫ5 ) (12) , waste lagoons at cattle feedlots (10 Ϫ2 to 10 Ϫ6 ) (26) , and swine lagoons (10 Ϫ1 to 10 Ϫ4 ) (27, 28 ); yet, these values are much lower than those observed in natural river sediments (10 Ϫ7 to 10 Ϫ8 ) (29) . Such a relatively high abundance implies that the swine manure may become a crucial tet-resistant source of exposure in natural environments, and vermicomposting can significantly reduce the abundance of tet genes involved in ribosomal protection proteins. Other classes of tet genes that acted as efflux pumps [i.e., tet(A), tet(B), tet(C), tet(D), and tet(G)] were also frequently detected in the environment (12) , especially in populations of Escherichia coli (30) . Traditional composting without larvae has been reported to significantly reduce these tet genes (31) .
Although the concentrations of quinolones detected were the highest among all antimicrobials studied, the number of associated qnr gene copies (10 Ϫ5 to 10 Ϫ7 ) normalized to 16S rRNA was near or even lower than the values found in natural surface sediments of Famosa Slough (10 Ϫ4 to 10 Ϫ5 ) (14) . The selection pressure exerted by quinolones on qnr genes was extremely weak in manure samples, as demonstrated by our network analysis. A previous study suggested that qnr genes only produce low-level resistance (32) , which was consistent with our findings. Also similar to the results of this study, Rutgersson et al. (33) did not find qnr gene enrichment in fecal samples from quinolone-contaminated villages; the high concentrations of quinolones only select for the low abundances of qnr genes in the surrounding soil, sediment, and water samples. Quinolones exhibit concentration-dependent effects, and high concentrations may increase the extent of bacterial destruction (34) . When quinolones were used at high concentrations as veterinary feed additives, many strains harboring qnr genes did not survive in swine gut or manure with quinolone concentrations exceeding the MIC (35); however, the residual concentrations of ciprofloxacin and enrofloxacin after 6 days of vermicomposting were greater than 4 g g Ϫ1 and 2 g g Ϫ1 , respectively, which are above the resistance breakpoint for these antimicrobials (36) . Therefore, the potential risk of their selection for the resistance in microbiota is still a concern if this vermicompost is applied to agricultural land for a long duration. More importantly, since a primary mechanism for quinolone resistance is derived from gene mutations in a susceptible target (32) , the presence of quinolones at high concentrations may facilitate the selection of mutations to various extents. In addition to qnr genes, these other mutated genes in manure samples under vermicomposting practice need further identification.
Among all of the ARGs studied, sul1 and sul2 had the highest background abundances of genes (10 Ϫ2 ) in unprocessed manure; such values were also similar with those reported in manure samples collected from other pig feedlots across China (4). After vermicomposting, sul1 and sul2 gene copies were one to two orders of magnitude greater than those for tet genes and three to six orders of magnitude greater than those for qnr genes. Moreover, the relative abundance of the sul genes (normalized to 16S rRNA) after vermicomposting was increased, suggesting that these genes may be more frequently detected in a single genome of each bacterium through gene mutation or possibly there was preferred growth of sul-harboring bacteria in the background of indigenous microbes in larva-treated samples. We also found a strong correlation between the abundances of sul1 genes and one integron (intI1), suggesting the potential of horizontal gene transfer. Cell-to-cell contact (transconjugation) experiments have also demonstrated that sul2 is transmissible between different bacteria exposed to adverse situations (37, 38) . Coenrichment of multiple genes may be a result of the aggregation of various resistance loci on a single mobile genetic element (3, 38) . It is therefore possible that the observed enrichment of these sul genes may be due to their location on mobile genetic elements harboring genes conferring resistance to other antimicrobials. After vermicomposting, sulfonamides were below the detection limit, while sul genes were highly abundant.
Niche alternations and microbial succession responsible for changed ARGs. Similar to other antimicrobials studied previously (10), ARG abundance was also significantly correlated with environmental conditions (moisture, temperature, total nitrogen, and pH). Compared to results for the unprocessed manure, vermicomposting significantly reduced organic matter, total nitrogen, and water content, which was accompanied by significantly elevated pH and much fluctuation in temperature (10) . Previous studies have found a significantly negative relationship between the tet genes and pH (12) ; however, the underlying mechanisms of such a relationship remained unknown. Reduced tet gene abundance has been found to be correlated with increasing temperature (22 to 55°C) during the anaerobic digestion of wastewater solids (39) . The temperature in our vermicompost peaked at ϳ47°C on days 3 to 5 and then gradually returned to the pretreatment level on day 6.
Besides the increased relative abundance of the Proteobacteria phylum (10), the relative abundance of a single taxon of Flavobacteriaceae spp. was also significantly increased through vermicomposting. Taxa in the family Flavobacteriaceae are common bacterial intracellular symbionts of various insects, including cockroaches, termites, ladybird beetles, ticks, and wasps (40) , and their related strains are highly resistant to many antimicrobial agents. Whether the increase in Flavobacteriaceae spp. following vermicomposting was the result of shedding of intestinal intracellular symbionts through larval gut transit warrants more genetic evidence from larval gut microbiome analyses. However, there was evidence showing growth promotion of the family Flavobacteriaceae in decomposed (nonenriched) substrates through earthworm processing (41) , which was consistent with our findings. These r-selected bacteria are known to degrade many complex organic compounds. Most genera assigned to the family Flavobacteriaceae are aerobic or microaerophilic, which might explain why they were absent in the anaerobic and water-saturated unprocessed manure but became abundant immediately following vermicomposting with the enhanced aeration by the larvae (40) . Through larval gut, the excreted casts and feces may greatly modify the manure microbiota; this may also have caused the reduced abundance of OTUs from the obligate anaerobic family Ruminococcaceae, which was also correlated with the attenuation of the tet genes.
Shifts in the bacterial community under antimicrobial stresses might provide new insight into the taxa which are favored by antimicrobial selection pressures. A study using in-feed antimicrobials in pigs demonstrated increased proteobacterial abundance by 1 to 11% in the swine intestinal microbiome (42) . Another study observed increased members of Proteobacteria in the human gut microbiome following treatment with broad-spectrum antimicrobials used for their therapeutic effect against a wide range of bacterial species (43) . In oxytetracycline-and penicillin G-contaminated rivers, the deeply rooting classes Deltaproteobacteria and Epsilonproteobacteria were also highly represented (44) . These findings demonstrated a potentially close linkage between antimicrobials and increased Proteobacteria. Certain taxa belonging to Proteobacteria might be favored by application of antimicrobials when they act as the preferred hosts for harboring multiple ARGs selected by these antimicrobials. Additionally in our network analyses, Clostridiales showed the most correlations with the ARGs studied. These low-GC Gram-positive bacteria have also been demonstrated to be closely associated with antibioticcontaining environments (44) . From a literature review, however, we found that until now no straightforward evidence suggested reduced diversity of bacterial communities under antimicrobial stresses (42, 44, 45) . In contrast, antimicrobial treatment leads to a highly connected phage-bacterial network for gene exchange (46) . Such community-based exploration implied that the decreased bacterial diversity in residues after larva treatments is responsible for the overall attenuated ARGs by impairing their preexisting host-ARG genetic relationships. Despite the decreased diversity of the bacterial community, the sul genes were intriguingly represented with higher abundance in larva-treated samples. Taxa in Bacilli showed positive correlations with the increases in these sul genes. Previously, class Bacilli were found to dominate in the human and livestock gut after antimicrobial treatment, as well as in antibiotic-containing downstream rivers (44) . Some species in Bacilli can excrete cellulase and polyphenoloxidase, promoting compost maturity (47) , and function well even when the surrounding temperature is much higher (48) . These properties enable them to survive thermophilic periods and become effective recolonizers in treated vermicompost. There was also evidence demonstrating that Bacillus are the preferred hosts for the sul genes. Based on culture-dependent approaches, sulfonamide-resistant bacteria isolated from agriculture sites contaminated by sulfonamides incorporated mainly Bacillus genera (49) . Similarly, Bacillus has been found to be the most prevalent genus for all sulfonamide-resistant bacteria isolated from manure samples (50) . In another study, a phylogenetic analysis further showed that there were possibilities for the genetic transfer of the sul1 gene from intestinal Enterococcus spp. to indigenous Bacillus spp. (51) . Sulfonamide-resistant bacteria may be selectively distributed in certain bacterial groups, including even potential human pathogens. In clinical research, sul1 has been frequently detected in the proteobacterium Pseudomonas aeruginosa as indicated by the taxonomic distribution of molecular data from the Comprehensive Antibiotic Resistance Database (52) . Such a common Gram-negative, aerobic bacterium is an opportunistic human pathogen, which might easily acquire resistance by the horizontal gene transfer of antibiotic resistance determinants (53) and thus increase the potential risk for sul1 dissemination during microbial succession when raw manure become more aerobic or microaerophilic after larva treatment.
Implications of vermicomposting for antibiotic resistance gene management. The Chinese agricultural industry uses 97 million kg of antimicrobials annually in livestock production, accounting for 46% of the total volume used every year (1, 54) , with swine manure identified as a major source of antimicrobial pollution in the environment (55) . It is possible to use a traditional composting practice without larvae such that antimicrobials and ARGs in manure samples would be reduced to a certain degree after 2 to 3 months of treatment (13); however, within the comparable 6 days (for instance, T-6 versus C-6), vermicomposting is much more beneficial than the traditional practice. A total of 600 million tons of swine manure are produced in China annually (4); such a large amount is striking, but if the manure is treated faster, more can be treated overall. Vermicomposting is a time-based improvement, with an added advantage of controlling ARGs more efficiently than traditional composting practice. While only a single sampling site was analyzed during the current study, the categories of antimicrobials administered to the swine were similar to those reported elsewhere (4, 18) . Therefore, the selection pressure on ARGs exerted by these antimicrobials and the fate of the ARGs through vermicomposting technology is likely comparable to those of other systems.
One potential risk for vermicomposting is the possibility of the acquisition of ARGs by mature flies, since the housefly gut is a favorable environment for the transfer of ARG-containing strains from their food to their bodies (56) . We assumed that such a risk is not of significant importance. When harvested, Ͼ95% of housefly larvae will be dehydrated and dried. Another portion of the larvae (Ͻ5%) will develop into mature flies, which will mate and spawn to give birth to the new larvae for the next batch of vermicomposting. Being restricted to the breeding room during oviposition, these mature flies will not live by artificially affecting supplies of water and feeding as they become senile with a weak capacity for oviposition. Consequently, the mature flies that escape, if any, would rarely have the potential to cause any danger to their surroundings. The sustained abundance of sulfonamide resistance genes requires attention, especially if treated vermicompost is to be used as an agricultural biofertilizer. Furthering our understanding of how vermicomposting management practices can be augmented to reduce antimicrobial residues, and ARGs requires a more detailed investigation of the potential host range and genetic transferability of various ARGs and ultimately of the possible consequences on environmental health.
